Abstract. Leptin acts as a growth factor in normal cells as well as in various types of cancer cells. We investigated the effects of leptin on human acute myelogenous leukemia (AML) cells. Leptin stimulated the proliferation of HEL cells through the phosphorylation of STAT3 and ERK1/2. The blocking of STAT3 phosphorylation with the specific inhibitor, AG490, significantly reduced leptin-induced ERK1/2 phosphorylation and cellular proliferation, whereas the blocking of ERK1/2 activation by the specific ERK1/2 inhibitor, PD98059, did not affect the STAT3 phosphorylation or leptininduced proliferation in HEL cells. Furthermore, knockdown of leptin receptor (OB-R) expression with stealth RNA interference (RNAi) reduced the leptin-induced proliferation of HEL cells and also significantly attenuated leptin-induced STAT3 and ERK1/2 activation. These results suggest that leptin promotes AML cell growth by activating STAT3 and MAPK, although not directly dependent on ERK.
Introduction
Leptin, a 16-kDa protein secreted mainly from adipocytes (1), was originally identified as a cytokine that regulates fat metabolism, and defective leptin production has been associated with obesity in humans and animals (2) (3) (4) . Leptin was found to function, not only in cell survival and antiapoptosis, but was also found to be involved in other physiological roles such as the regulation of hematopoiesis (5), differentiation (6) , angiogenesis (7), immunity (8) , the inflammatory response (9) , reproduction (10) and insulin secretion (11) .
Leptin exerts its actions through its specific receptor which is localized to the cell membrane and is present in a variety of tissues (12) . The leptin receptor, OB-R, is a single membranespanning receptor which exhibits sequence similarity with the gp130 signal-transducing component of the interleukin (IL)-6 receptor and leukemia inhibitory factor (LIF) receptor (13, 14) . The OB-R is alternately spliced into six transcripts with long (OB-Rb) and short (OB-Ra) forms according to the varying lengths of their cytoplasmic tail from the single db gene (15) . Upon leptin binding, OB-R homodimerizes and signals through the phosphorylation of Janus kinase-signal transducer and activator of transcription (JAK-STAT) and mitogen-activated protein kinase and extracellular signalactivated kinase 1/2 (MAPK/ERK1/2) signaling pathways in several cancer cell lines. Other pathways, including phosphatidylinositol-3 kinase (PI3K), are also activated by leptin (16) (17) (18) (19) .
OB-R isoforms have been detected in many types of cancer cells including leukemia cells. However, expression of the leptin receptor and the associated biologic significance in acute myelogenous leukemia (AML) cells is still poorly understood.
In this study, the relationship between leptin and leptin receptor expression was analyzed in AML cell lines, and the effects of leptin on intracellular signal transduction pathways and AML cell proliferation were investigated.
Materials and methods
Reagents. Recombinant human leptin was purchased from R&D Systems (Minneapolis, MN) and dissolved according to the manufacturer's instructions. PD98059 and AG490 were purchased from Calbiochem (San Diego, CA), dissolved in DMSO (Sigma Chemical, St. Louis, MO) and stored at -20˚C until used. The DMSO concentration was 0.001%, and the same concentration was used as vehicle. Lipofectamine™ reagent, Lipofectamine 2000, was purchased from Invitrogen (Gergy Pontoise, France).
Cell culture. The human leukemia cell lines used in this study, HEL, HL60, K562, KCL22, KG-1, Mego1, ML1, NB4 RT-PCR. Total RNA was isolated with Tri reagent (Molecular Research Center, Inc.), and cDNAs were synthesized with 1 μg of total RNA using the RNA PCR Kit (Takara Bio Inc.). Primers were designed with the aid of primer designing software using the human leptin receptor, the huOB-Rb (GeneBank accession no. U43168) complementary DNA (cDNA) sequence and the huOB-Ra (GeneBank accession no.U52914) sequence obtained from Entrez. These were designed either to detect the presence of any of the leptin receptor isoforms (common sequence from the extracellular domain) or to be specific to the long (huOB-Rb) or short isoform (huOB-Ra). The expected product lengths were 489 bp for the common receptor primers, 481 bp for the long receptor primers and 200 bp for the short isoform. The primer sequences were as follows: human leptin receptor (common), F 5'-CTTTCCACTGTTGCTTTCGG-3'; R 5'-TCTGTGATT CCATATGCAAACC-3'; huOB-Rb (long), F 5'-CCATGA TCATTTTATCCCCA-3'; R 5'-GTCACTAATACAAACA GAACCC-3'; and huOB-Ra (short), F 5'-TTGTGCCAGTA ATTATTTCCTCTT-3'; R, 5'-AGTTGGCACATTGGGTTC AT-3'. Polymerase chain reaction was performed for 40 cycles using a 60-sec denaturation step at 94˚C, a 60-sec annealing step at 55˚C, and a 90-sec extension step at 72˚C. The product (5 μl) was loaded onto agarose gel, and the fluorescence of the ethidium bromide-stained band was recorded.
Cell proliferation assay. The proliferative effect of leptin on human leukemia cells was determined by measuring the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma) dye absorbance of living cells. Briefly, cells (10 4 /well) were seeded in 96-well plates and exposed to leptin at different concentrations for 24, 48 and 72 h. The cells were subsequently incubated with 50 μl of MTT solution (2 mg/ml in PBS), and the plates were incubated for 4 h at 37˚C. After removal of the MTT solution, 200 μl of DMSO was added to the cells. The plates were shaken for 30 min at room temperature, and the absorbance was measured at 540 nm on a scanning multi-well spectrophotometer.
Western blot analysis. Cells were washed with PBS and suspended in an extraction buffer (Intron Biotechnology, Korea) on ice for 15 min. Lysates were cleared by centrifugation at 13,000 rpm for 20 min. Equal amounts of cell extracts (20 μg) were resolved on 8-10% SDS-PAGE gels, transferred onto a nitrocellulose membrane and probed with 0.1 μg/ml of goat anti-human OB-R (Santa Cruz); rabbit anti-c-myc (Santa Cruz); rabbit anti-human STAT1, 3, 5, 6; phospho-STAT1, 3, 5, 6; ERK1/2; phospho-ERK1/2; phospho-MEK1/2; phospho-p90RSK; phospho-Elk-1; AKT; phospho-AKT; phospho-PTEN (Cell Signaling Technology); and mouse anti-human ·-tubulin (Sigma Chemical) used at 1:1,000 dilutions and incubated at 4˚C overnight. The membrane was then incubated with the appropriate secondary antibody (1:2,000 dilution) in 1% skimmed milk/Tris-based saline with 0.05% Tween-20 (TBST) for 2 h at room temperature. The blots were developed by using the WestZol™ Western Blot Detection System (Intron Biotechnology, Korea).
RNAi experiment. Stealth RNAi complementary to the OB-R genes (GenBank accession nos. U4368 and U52914; 5'-GGA GCAGCCTTTACTGTTCTGATAT-3') was designed using the Stealth™ RNA Program from Invitrogen (Cergy Pontoise). Cells were transfected with 100 nM of RNAi and Lipofectamine reagent, Lipofectamine 2000, according to the manufacturer's instructions. The cells were serum-deprived overnight and exposed to 100 ng/ml of leptin for 2 or 72 h. Transfection efficiency was monitored by RT-PCR with OB-R expression.
Statistical analysis. Data were analyzed using the Student's t-test. Probability values <0.05 were considered statistically significant.
Results

Expression of leptin receptor isoforms in human AML cell lines.
Expression of the human leptin receptor was detected in the 9 human leukemia cell lines examined by RT-PCR and Western blotting. Total RNA was extracted from leukemia cells, and RT-PCR was then performed using the primer sets for leptin receptor isoforms. The sequences were as follows: i) a common sequence from the extracellular domain of the human leptin receptor, ii) a sequence exclusive to the long isoform of the leptin receptor (OB-Rb), iii) a sequence exclusive to the short isoform OB-Ra and standardized using the GAPDH. As shown in Fig. 1A , the mRNA expression levels of long and short leptin receptors varied among the different cell lines. HL60 and NB4 expressed the lowest level, whereas HEL and K562 expressed the highest level. To further confirm the expression of this receptor, Western blot assay was carried out resulting in a similar expression pattern when compared with RT-PCR (Fig. 1B) .
Effect of leptin on cell proliferation in human AML cell lines.
In these experiments, 9 human leukemia cell lines were serumstarved and subsequently treated with leptin (0-100 ng/ml) for 72 h. The effect of leptin treatment on cell proliferation was assessed using the MTT assay. Among the 9 cell lines tested, only HEL cells displayed a significant proliferative response to leptin alone ( Fig. 2A) . As shown in Fig. 2B , leptin simulated the growth of HEL cells in a time-and dosedependent manner. A significant stimulatory effect in the HEL cells was apparent at 24 h after treatment with 100 ng/ml leptin. The proliferative response in the cell lines did not correlate with the level of OB-R expression; e.g., K562 cells exhibited no proliferative response in spite of the high levels of OB-R.
Effect of leptin on STATs and MAPK in HEL cells.
To investigate the role of leptin on STATs, MAPK and AKT activation, HEL cells were incubated with leptin (100 ng/ml) for 0, 15, 30, 60 and 120 min. As shown in Fig. 3A , STAT3, 5 and 6 phosphorylation was stimulated by leptin in a timeand dose-dependent manner, while the phosphorylation of STAT1 did not changed in the HEL cells after leptin stimulation. In contrast, the total level of STAT1, 3, 5 and 6 did not change, suggesting that the increased STAT3, 5 and 6 phosphorylation was not caused by increased STAT3, 5 and 6 expression. These results indicate that STAT3, 5 and 6 are involved in the cell growth effect by leptin in HEL cells. As shown in Fig. 3B , MEK1/2, ERK1/2, p90RSK and c-myc phosphorylation was stimulated in a time-dependent manner, but the phosphorylation of Elk was not detected after leptin stimulation of HEL cells. These results indicate that leptin induced cell proliferation through the MEK/ERK/p90RSK or c-myc signaling pathway. As shown in Fig. 3C , p-AKT was not detected while expression of p-PTEN was high and total AKT did not change after leptin stimulation of HEL cells.
These results indicate that leptin-induced cell proliferation was not mediated via the AKT signaling pathway in HEL cells.
Effect of pharmacologic inhibitors on the proliferative effect of leptin on HEL cells.
To investigate whether the STAT3 and ERK1/2 phosphorylation was linked to the cell proliferative effect of leptin, specific inhibitors were used to block STAT3 phosphorylation or ERK1/2 phosphorylation without affecting the expression of total STAT3 or ERK1/2, and the cell proliferation was measured upon treatment with leptin using MTT assays in HEL cells. As shown in Fig. 4A , treatment with STAT3 inhibitor AG490 blocked leptininduced phosphorylation of ERK1/2, while the ERK1/2 inhibitor PD98059 had no effect on the leptin-induced phosphorylation of STAT3. Examination of the cell proliferation under these conditions indicated that the blocking of STAT3 phosphorylation significantly reduced the growth stimulation by leptin, while the blocking of ERK1/2 phosphorylation had a minimal effect on the growth stimulation of leptin in HEL cells (Fig. 4B) . These results suggest that activation of STAT is upstream of the activation of the ERK1/2 pathway, and activation of STAT3 is the major pathway involved in the cell proliferative effect of leptin in HEL cells.
Effect of OB-R inhibition with RNAi on the proliferative effect of leptin on HEL cells.
RNAi for OB-R was transfected into HEL cells leading to a drastic decrease in OB-R mRNA expression (Fig. 5A) . Transfection of specific RNAi did not affect the expression levels of unrelated genes such as GAPDH. As shown in Fig. 5B , RNAi blocked the leptininduced phosphorylation of STAT3 and phosphorylation of ERK1/2, but did not affect the expression of total STAT3 and total ERK1/2. Examination of the cell proliferation in these treatment conditions showed that the blocking of OB-R significantly reduced the growth stimulation of HEL cells by leptin (Fig. 5C ).
Discussion
Leptin is a cytokine mainly produced by adipose tissue. Leptin has been previously reported to stimulate the proliferation of various cell types (20) (21) (22) (23) (24) and is considered to be a novel growth factor. However, the role of leptin in acute myelogenous leukemia (AML) cells has never been elucidated. Thus, in the present study, the expression of leptin receptors in human myelogenous leukemia cell lines was investigated using RT-PCR and Western blot analysis. Both short and long isoforms of leptin receptors were observed in all 9 cell lines, suggesting that leptin may play a role via these leptin receptors in leukemia cells. In addition, the effects of leptin treatment resulted in the cell growth of HEL, while the other AML cell lines, KG1, ML1, NB4 and U937, exhibited no significant difference in cell proliferation. In addition, K562 cells (chronic myelogenous leukemia cell line) that expressed a high level of leptin receptor did not exhibit any cell proliferative effect by leptin. These results suggest that, despite the presence of its receptors, leptin may not have a significant proliferate effect on all AML cells apart from HEL cells. However, the minor leptin-induced proliferation of AML cells, apart from HEL, might have been due to the serum-free condition of our cell cuture system. Therefore, further study using leukemic cells from AML patients is needed to confirm the role of leptin in AML.
To elucidate the signaling pathways involved in the leptin-induced cell growth in HEL cells, which exhibited the highest expression of the leptin receptor and was highly proliferated by leptin, we examined the effect of leptin on the activation of the STAT-AKT-ERK pathway. We found that leptin stimulated the STATs and induced the phosphorylation of ERK1/2 but not AKT. In addition, the blocking of OB-R with specific RNAi significantly reduced, not only the activation of both STAT3 and ERK1/2, but also leptin-induced cell proliferation. Growth factors have been known to induce the phosphorylation of STAT1 and 5 (25, 26) , and leptin has been known to activate STAT3, 5 and 6 in metabolic disease (18, 27) . In the present study, we demonstrated that leptin treatment of HEL cells activated STAT3, 5 and 6, but not STAT1 and 2. It has been reported that STAT3 forms heterodimers with STAT1 (28); however, our data showed that STAT1 was not altered by leptin, and STAT3 activated homodimer forms, suggesting that the leptin signaling ONCOLOGY REPORTS 23: 1369-1374, 2010 Figure 5 . Effect of OB-R inhibition with RNAi on the proliferative effect of leptin on HEL cells. HEL cells were transfected with 100 nM of RNAi for 24 h. Total RNA was extracted from transfected HEL cells and analyzed using reverse transcription-PCR, and total proteins of the transfected HEL cells were examined by immunoblot analysis using a goat polyclonal antibody against OB-R (A). HEL cells were transfected with 100 nM of RNAi or not for 24 h, and then treated with or without 100 ng/ml of leptin for 2 h. Lysates (15-30 μg of protein) were immunoblotted with specific antibodies against the total and phosphorylated form (p) of STAT3 and ERK1/2 (B) or incubated with 100 ng/ml of leptin for 72 h, and colorimetric MTT assays then were performed (C). Bars indicate the means ± SD; (P<0.05). pathway of AML might be different from that of metabolic diseases including diabetes.
Importantly, we report that prevention of leptin-induced activation of STAT with chemical inhibitors significantly reduced the phosphorylation of ERK1/2 and proliferation of HEL cells, indicating that STAT3 might act upstream of ERK1/2, and might be essential for the cell proliferative effect of leptin in HEL cells.
In summary, this study contributes to the understanding of the molecular mechanisms of leptin action in AML cells. Blocking of the leptin receptor might be a novel therapeutic strategy for human acute myelogenous leukemia.
